Natural ecosystems contain many individuals and species interacting with each other and with their abiotic environment. Such systems can be expected to exhibit complex dynamics in which small perturbations can be amplified to cause large changes. Here, we document the reorganization of an arid ecosystem that has occurred since the late 1970s. The density of woody shrubs increased 3-fold. Several previously common animal species went locally extinct, while other previously rare species increased. While these changes are symptomatic of desertification, they were not caused by livestock grazing or drought, the principal causes of historical desertification. The changes apparently were caused by a shift in regional climate: since 1977 winter precipitation throughout the region was substantially higher than average for this century. These changes illustrate the kinds of large, unexpected responses of complex natural ecosystems that can occur in response to both natural perturbations and human activities.
Ecosystems are composed of many individuals of multiple species of organisms which interact with each other and their abiotic environment to produce complex structures and dynamics. Some seemingly modest perturbations may be amplified to have large effects, whereas other equally large changes can be buffered so as to have little apparent impact. The highly variable effects on different ecosystems of certain native keystone and introduced exotic species are examples of such complex behavior (1) (2) (3) (4) (5) (6) (7) . Similar amplified or damped changes in ecosystems should be expected to occur in response to small shifts in abiotic conditions, such as climate changes due to either natural causes or human activities. Here, we show how a coordinated syndrome of changes, symptomatic of desertification, has been triggered in a Chihuahuan Desert ecosystem by recent climate change.
Major changes have occurred in arid ecosystems throughout the world during recorded history (8) . These have included diminished vegetative cover, reduced productivity, increased soil erosion, and invasion of exotics and loss of native species. Such desertification has usually been attributed primarily to human activities, especially to livestock grazing, and secondarily to changes in climate, especially prolonged and recurrent drought (9 -14) . The extensive degradation of arid grasslands to desert shrublands in southwestern North America within the last 125 years is consistent with this global pattern (9 -17) . Because water is the most limiting resource in arid ecosystems, changes in global and regional precipitation regimes, even of relatively small magnitude and short duration, may be expected to have substantial effects.
Here, we use data from our long-term research in southeastern Arizona (18) (19) (20) to document large changes which have occurred since the late 1970s in three components in a Chihuahuan Desert ecosystem: precipitation, vegetation, and animal populations. Our 20-hectare study site, at 1330 m elevation in the San Simon Valley approximately 7 km east of Portal, Arizona (Fig. 1) , is near the transition between desert shrubland and arid grassland habitat. Historical records indicate that grassland vegetation covered the site prior to the 1880s, but large increases in woody vegetation and extensive soil erosion had occurred by the 1930s (21-23). When we initiated our study in 1977, the vegetation of the site consisted of widely scattered large shrubs of the genera Acacia, Ephedra, Flourensia, Prosopis, Mimosa, and Chilopsis, an admixture of small shrubs of the genera Gutierrezia, Haplopappus, and Zinnia, and large open areas covered primarily with the grass Tridens puchella. At that time we fenced the site to exclude domestic livestock, but cattle have continued to graze the immediately adjacent area. The climate of the region is characterized by bimodal precipitation, with nearly all of the rainfall concentrated in winter (November to March) and summer (July and August).
METHODS
Regional precipitation data were obtained from five weather stations surrounding the study area and within 250 km ( Fig.  1; ref. 24 ). For each weather station, we compiled the total precipitation in winter (October to April) and summer (May to September) for each year since 1977, and we compared these values with the long-term averages. Vegetation changes were measured using chronosequences of aerial photographs of our experimental site and two other locations in the San Simon Valley. The experimental site was photographed in 1979 and 1995 by a private contractor, and in 1958 by the U.S. Forest Service (Coronado National Forest Archives, Albuquerque, NM). The two other grazed sites, 20 km northwest and 15 km southwest of the experimental site and at 1350 m and 1550 m elevation, respectively, were photographed by the U.S. Forest Service. On all photos for each location, permanent landmarks and a stratified random design were used to identify 50 ϫ 50 m plots; we used six plots on each side of the livestock exclusion fence at the experimental site and eight plots on each of the two additional sites. Plots were located on relatively f lat terrain, away from dry watercourses. We counted all shrubs Ͼ1.0 m in diameter (primarily Acacia, Ephedra, Flourensia, and Prosopis). Populations of rodents and ants have been monitored on the experimental site since 1977, with rodents censused monthly and ant colonies counted annually (18, 19) .
RESULTS
The recent climate of southeastern Arizona and southwestern New Mexico has changed substantially from earlier in the century (24) . Since 1977 winter precipitation at all five weather stations was significantly greater than the long-term averages ( Fig. 2A) . Much higher than average winter rainfall was recorded at most stations in [1983] [1984] [1985] [1986] [1987] [1988] , and 1991-92. Several of these peaks correspond to the El Niño events of 1977-1978, 1982-1983, 1986-1987, and 1991-1992 (25, 26) . Summer rainfall did not deviate consistently from the longterm averages (Fig. 2B) .
Large increases in shrub cover occurred during this period of increased winter precipitation. At all three sites, aerial photographs revealed no significant change in shrub density for several decades prior to the late 1970s, but a 3-fold increase after 1980 (Fig. 3) . Earlier aerial photos and landscape paintings show no detectable change in woody vegetation from the 1930s through the mid 1970s. Increases since the 1970s include not only greater shrub numbers (Fig. 3 ) but also comparable increases in total cover of large woody shrubs at all sites (P Ͻ 0.001).
In this and other regions of grassland-shrubland transition, increases in shrub cover are generally thought to be symptomatic of desertification caused by a combination of livestock grazing and drought (9) (10) (11) (12) (13) (14) . These factors likely contributed to the degradation of the study area and surrounding habitat from grassland to shrubland between the 1870s and 1930s. The changes in vegetation since the 1970s cannot be attributed to grazing, however; the increases in shrubs were virtually identical on our experimental site, fenced to exclude livestock since 1977, and on immediately adjacent grazed areas (Fig. 3) . And the vegetation changes were associated with an altered climatic regime that consisted not of drought, but of increased winter precipitation. This supports Neilson's (27) observation that episodes of shrub increases in the Chihuahuan Desert region earlier in this century occurred during periods of unusually high winter precipitation, which favored the establishment of cool-season-active C 3 woody shrubs at the expense of warmseason-active C 4 grasses (28) (29) (30) .
Coinciding with these recent shifts in climate and vegetation, major changes have occurred in population dynamics and community composition of animals on the experimental study site (Fig. 4) . Several previously abundant species went locally extinct, at least one previously absent species colonized, some rare species increased, and other species persisted with little change. The species that decreased included the keystone kangaroo rat, Dipodomys spectabilis, another seed-eating rodent, Perognathus flavus, and two seed-harvesting ants, Pogonomyrmex rugosus and Pogonomyrmex desertorum. D. spectabilis and Perognathus flavus were the second and third most abundant rodent species, respectively, prior to 1984. Pogonomyrmex desertorum was the second most abundant harvester ant prior to 1983. Pogonomyrmex rugosus could have been considered the dominant harvester ant, because its colonies contained extremely large numbers of workers which were highly aggressive toward other ant species. These rodent and ant species are characteristic of open arid grassland or desert habitat, and they store seeds in large subterranean larders (23) . Their precipitous declines can be attributed to some combination of the vegetation and climatic changes. That the declining species are most abundant in habitats with sparse shrub cover suggests that the three-fold increases in woody vegetation represented a decline in habitat quality. That all four species are larder hoarders suggests that wetting of seed stores may have been a contributing factor (23, 31) . Populations of some seed-eating animals characteristic of shrubbier habitats, such as the rodent Chaetodipus penicillatus (32), increased substantially (Fig. 4) . Another rodent, Chaetodipus bayleii, also typical of desert shrub habitats but never previously recorded on the site, colonized in 1995 and has been consistently present ever since. These increases can probably be attributed to some combination of greater shrub cover facilitating predator avoidance and higher food availability due to declines in competing species. Populations of other animal species typical of desert shrub habitats, including the rodent Dipodomys merriami and the ant Pheidole xerophila, remained essentially unchanged (Fig. 4) .
DISCUSSION
Additional evidence indicates that pervasive changes have occurred in the entire regional ecosystem since the late 1970s. During the 1980s, Aphaenogaster cockerellii, another large harvester ant that stores seeds in subterranean larders, went locally extinct at another site in the San Simon Valley where it had previously been abundant (23) . Horned lizards (Phrynosoma cornutum and Phrynosoma modestum), abundant on our experimental site in the late 1970s (33) , have become extremely rare. Horned lizards are specialized predators on the large harvester ants that disappeared. Populations of the burrowing owl, Athene cunicularia, in this region ''collapsed in the 1980's'' (34) . Mojave rattlesnakes (Crotalus scutulatus) decreased to an estimated 15-25% of their original numbers between the late 1960s and late 1980s (35) . The near extinction of the keystone rodent, D. spectabilis, probably accounts for declines of the owls and rattlesnakes (36): both live in kangaroo rat burrows, and the rattlesnakes feed on these rodents. Thus, changes in the entire ecosystem and in populations of many (1997) plants and animals can be attributed to the new climatic regime affecting the organisms either directly, through increased winter moisture, or indirectly, through altered biotic interactions. Despite dramatic changes in species composition, however, overall species diversity has remained virtually unchanged; declines and extinctions in some species have been offset by increases and colonizations of others (37). We do not claim that the recent increases in cool-season precipitation caused a reorganization symptomatic of desertification in all arid ecosystems in the region. Although the increases in winter precipitation since 1977 occurred over much of southwestern North America, the dramatic increases in shrub cover documented above were more localized. No detectable shrub increase occurred in large areas of arid grassland habitat, some within 20 km of our study site. Many factors, including climate, soil, fire, herbivory, and existing vegetation, influence the boundary between arid grassland and desert shrubland (9) (10) (11) (12) (13) (14) (38) (39) (40) (41) . Causes of shrub increases may include counterintuitive mechanisms, such as increases in precipitation during critical seasons, as well as commonly accepted factors, such as livestock grazing and drought. These are the kinds of responses to perturbations that are likely to occur in a complex dynamic system. While in some cases the ecological interactions may amplify the effects of a perturbation, causing wholesale reorganization, in other cases, the complex relationships may lead to negative feedbacks, resulting in little change.
The changes in this arid ecosystem may be related to recent ecological changes documented elsewhere in the world. Shifts in ocean and intertidal ecosystems off the California coast have been linked to changes in oceanographic circulation and El Niño events (42) (43) (44) , which were also associated with increased winter precipitation in southwestern North America (26) . Changes in species composition of tropical forests in several locations around the world have been tentatively attributed to increased atmospheric CO 2 concentrations and temperature (44) . All of these changes are consistent with the hypothesis that global climate has been altered due to human influences (46, 47) .
Possible effects of global climate change on populations and ecosystems have thus far been addressed largely by laboratory experiments or computer simulation models (refs. 48-52, but see refs. 53 and 54). These simplified systems cannot be expected to contain the diversity of interactions and hence to exhibit the range of complex responses that are inherent in entire ecosystems. Further, because of their complicated networks of interactions, it will be difficult to predict how ecosystems will respond to such perturbations. In the present case, a modest shift in the seasonal pattern of precipitation . At all stations, 1977-1992 winter precipitation was significantly higher than prior years (Mann-Whitney U tests): Douglas, P ϭ 0.008; Jornada, P ϭ 0.003; Safford, P ϭ 0.001; Tombstone, P ϭ 0.001; Tucson, P ϭ 0.005. In the years 1977-1992 summer precipitation was: significantly higher than prior years at Douglas, P ϭ 0.014, and Jornada, P ϭ 0.020; significantly lower than prior years at Tucson, P ϭ 0.001; and not significantly different from prior years at Safford, P ϭ 0.980, and Tombstone, P ϭ 0.610. since the late 1970s led to multiple and unexpected changes in an arid ecosystem. An increase in winter rainfall triggered the kinds of changes in vegetation and animal populations that would usually be expected to occur as a result of increased aridity or anthropogenic desertification. Due largely to the effects on keystone species and other biotic relationships, the changes in climate were amplified by the network of interactions to alter the structure and dynamics of the entire ecosystem. These results suggest that comparably large and unexpected changes may occur in other ecosystems throughout the world in response to both natural fluctuations and human activities.
